ABSTRACT: Diminished vertebral mechanical behavior with metastatic involvement is typically attributed to modified architecture and trabecular bone content. Previous work has identified organic and mineral phase bone quality changes in the presence of metastases, yet limited work exists on the potential influence of such tissue level modifications on vertebral mechanical characteristics. This work seeks to determine correlations between features of bone (structural and tissue level) and mechanical behavior in metastatically involved vertebral bone. It is hypothesized that tissue level properties (mineral and organic) will improve these correlations beyond architectural properties and BMD alone. Twenty-four female athymic rats were inoculated with HeLa or Ace-1 cancer cells lines producing osteolytic (N ¼ 8) or mixed (osteolytic/osteoblastic, N ¼ 7) metastases, respectively. Twenty-one days postinoculation L1-L3 pathologic vertebral motion segments were excised and mCT imaged. 3D morphometric parameters and axial rigidity of the L2 vertebrae were quantified. Sequential loading and mCT imaging measured progression of failure, stiffness and peak force. Relationships between mechanical testing (whole bone and tissue-level) and tissue-level material property modifications with metastatic involvement were evaluated utilizing linear regression models. Osteolytic involvement reduced vertebral trabecular bone volume, structure, CT-derived axial rigidity, stiffness and failure force compared to healthy controls (N ¼ 9). Mixed metastases demonstrated similar trends. Previously assessed collagen cross-linking and proline-based residues were correlated to mechanical behavior and improved the predictive ability of the regression models. Similarly, collagen organization improved predictive regression models for metastatic bone hardness. This work highlights the importance of both bone content/architecture and organic tissue-level features in characterizing metastatic vertebral mechanics. ß
Spinal metastases occur in up to of 1/3 of all cancer patients. 1 The presence of metastasis impacts bone remodeling to induce enhanced bone resorption (osteolytic), bone formation (osteoblastic), or a combination of the two (mixed). The osteolytic nature of metastatic involvement has been shown to impact microarchitecture of trabecular bone, reducing the number and thickness of trabeculae. [2] [3] [4] [5] [6] Changes in trabecular structure or bone content has been commonly associated with diminished mechanical integrity and increased fracture risk. 4, [6] [7] [8] Osteoblastic bone secondary to metastasis has also been described as having impaired quality, leading to elevated fracture risk despite the potential increase in bone volume. 9 The structural impact of metastatic involvement on bone volume, microstructure, and mineral content has been characterized through measurement of morphologic parameters and mineral content. 4, 6 Axial rigidity and finite element modeling have considered both the mineral density and distribution of bone tissue in assessing the structural integrity of metastatically involved bones. 10, 11 Regression and correlational analysis have also been used to build connections between observed structural stiffness or failure strength of tested metastatically involved vertebrae and modifications in morphological parameters of trabecular bone. 3, 4, 6 While correlations between mechanical behavior, microstructure, and mineral content have been established in healthy and metastatically involved vertebrae (e.g., stiffness vs. BV/TV, strength vs. BV/TV, ultimate force vs. BMD), 3, 4, 6 these parameters have not fully explained mechanical performance. Previous work has highlighted changes in the mineral and organic features of bone tissue with metastatic involvement. [12] [13] [14] Modification of these features may impact vertebral mechanical behavior. [15] [16] [17] [18] [19] Vertebral mechanical properties can be assessed at a whole bone level to quantify stiffness and strength of the structure, with mechanical performance influenced by both material and architectural features. For cancellous bone-rich vertebrae, mechanical assessment is typically done via axial compressive loading of bone cores, 20 single vertebrae, 4 or vertebral motion segments. 21 Mechanical features of bone tissue can also be tested focally to measure intrinsic properties such as effective modulus and hardness independent of structural consideration (i.e., via nanoindentation). 22 Global and localized assessment of tissue-level properties can be used to detect changes in the collagen and mineral phases of metastatic bone tissue. Techniques such as high performance liquid chromatography (HPLC) 15, 23 and x-ray diffraction-(XRD) 24 utilize pulverized bone samples yielding characteristics of the collagen content and crystal size averaged for an entire vertebra. In contrast, backscatter electron microscopy (BSE) 25 and second harmonic generation (SHG) 26 imaging yield localized analyses of organic and mineral features of bone tissue.
This work seeks to measure the stereological and mechanical behavior of metastatically involved vertebrae and to assess the relationships between tissuelevel features of metastatic bone characterized in previous work [12] [13] [14] and mechanical behavior of bone at global and local levels. It is hypothesized that the global mechanical behavior of vertebrae can be explained by structural, mineral, and organic features that are modified by metastatic behavior. The locally measured features of modulus and hardness, which are both indicative of material's ability to resist deformation, are also hypothesized to be explained by changes in both the mineral phase and collagen features of the bone tissue matrix.
MATERIALS AND METHODS

Animal Model and Metastatic Inoculation
Established animal models of vertebral metastases utilizing athymic female Hsd:RHFoxn1 rnu rats (5-6 weeks old) 4, 6, 27 were approved by the Ontario Cancer Institute for use in this study. Stably transfected, bioluminescent human HeLa cervical cancer cells and canine Ace-1 prostate cancer cells were utilized to produce pure osteolytic and mixed (osteoblastic/osteolytic) spinal lesions respectively through systemic inoculation via intracardiac injection. Bioluminescent imaging was performed 14 and 21 days post-inoculation to confirm spinal tumor growth. Twenty-one days post-injection, inoculated rats (N ¼ 12 per group) and age-matched, athymic female healthy controls (N ¼ 9) were euthanized via CO 2 asphyxiation, their vertebrae harvested and wrapped in saline dampened gauze, and stored at À20˚C.
mCT Scanning, Stereological Analysis, and CT-Based Rigidity Analysis (CTRA) Excised first to third lumbar (L1-L3) vertebral motion segments of each rat were mCT scanned adjacent to hydroxyapatite (HA) calibration phantoms (mCT 100 system, Scanco; Scan Parameters: 55 kVp, 200 mA, 11W, 7.4 mm resolution).
To enable stereological analysis, trabecular bone within each L2 vertebra was segmented using a validated semi-automated algorithm (AmiraDev 5.2.2; TGS, Berlin, Germany). [4] [5] [6] This algorithm facilitated the segmentation of the whole bone volume, the trabecular centrum and the trabecular bone. The following structural parameters were analyzed from the segmented trabecular centrum and trabecular bone: Trabecular bone volume ratio (TBV), Trabecular number (TbN), Trabecular spacing (TbS), and Trabecular thickness (TbTh). Trabecular volumetric bone mineral density (BMD) and trabecular tissue mineral density (TMD) in mg/cc of hydroxyapatite (HA) were calculated based on calibration with HA phantoms. Using this calibration, the segmented whole vertebrae image stack was also converted to equivalent density (r EQ ) images. To enable CT-based rigidity analysis (CTRA), the elastic modulus (E) was calculated for each voxel via the relationship: E ¼ 8,362.8 (r EQ ) 2.56 as derived by Cory et al. 28 Axial rigidity (EA ¼ ʃE(r EQ )dA) was then calculated for each axial mCT slice 10, 11 (range 230-270 slices per vertebra). CTRA was calculated both as the average EA for the vertebrae and minimum EA value. The load bearing capacity (LBC) of the vertebrae was considered a function of EA and a defined strain failure criterion (1%) such that LBC ¼ e f Â EA. 16, 18 Sequential Imaging and Mechanical Testing A microloading device (Scanco) was used within the mCT 100 scanner to enable sequential axial compressive loading and scanning for each L1-L3 motion segment to track the progression of failure (Fig. 1) . The L1 and L3 vertebrae were potted in polymethylmethacrylate with positioning controlled to ensure the long axis was parallel to the loading axis. The exposed L2 vertebra was lightly wrapped with saline dampened gauze to maintain a wet environment during testing. The L2 vertebra was initially scanned in an unloaded configuration (Scan Parameters: 55 kVp, 200 mA, 11 W, 34.9 mm resolution). The motion segment then was axially loaded under displacement-control with an initial displacement step of 1,000 mm at a rate of $35 mm/s. After 20 min (to allow for stress relaxation) mCT images were acquired. Further sequential compression, stress relaxation, and imaging were performed at step-wise intervals of 500 mm (at the same loading rate) until a total displacement of 3,500 mm was reached. A force-displacement curve was generated from the data; the troughs in the dataset due to stress relaxation were removed and the datapoints for each sequential loading step were shifted to produce a continuous curve for analysis. 20 Major failure events were identified via fractures visible in the mCT images and corresponding changes in the linearity of the force-displacement curve prior to the associated image acquisition step. From the force-displacement curve, the peak force (N) and stiffness (N/mm) prior to the major failure event were determined (Fig. 2) . 4, 6 Statistical Analysis The normality of mechanical testing, stereological parameter and CTRA data were tested utilizing the Shapiro-Wilk test. Once established, Levene's test was performed to assess the homogeneity of variance between groups. In data sets without equal variance, Welsh followed by Tamhane post hoc tests for multiple comparisons were performed to test for differences between sample groups. When equal variance and normality could be assumed, analysis of variance followed by the Dunnett post hoc test for multiple comparisons between samples groups and a healthy control group was used. Fisher's exact test was used to determine whether the location/type of failure observed in the vertebrae differed among groups.
"Globally" measured techniques including HPLC (measured collagen cross-linkage, hydroxylation) and XRD (measured mineral crystal size) from previous studies 12, 14 were carried out on either the same (XRD: L1-L3, post-mechanical testing) or different (HPLC: T12-13) vertebral levels of the rats whose stereology (L2), mineral density (L2), and mechanical performance (L1-L3) were assessed. "Locally" measured techniques such as SHG (measured collagen organization) and BSE (measured mineral content and distribution) were performed on either the same (BSE: L5) or different (SHG: T11) vertebral levels of the same rats whose tissue-level elastic modulus and hardness were assessed via nanoindentation (L5). 1-factor simple linear regression models were constructed (bivariate analysis) between each measured bone quality parameter and the relevant mechanical parameters in order to establish potential relationships in this exploratory study. R-squared statistics were reported from these models. Note, bivariate analysis between SHG and nano-indentation data was completed in previous work. 13 Additionally, multiple linear regression models were built to determine whether statistical models could be improved in a significant manner with the incorporation of more than one independent (or predictor) variable. The number of predictor variables in the model was constrained to number of sample measurements/10. Prior to running the final model, multicollinearity was assessed using tolerance statistics (value <0.4 as the threshold). The final models were run using a step-wise approach to retain only the significant variables. All data are presented as mean AE standard deviation, with a significance level of p < 0.05 (SPSS v23, SPSS, Chicago, IL).
RESULTS
Metastatic Involvement
For rats utilized in the assessment of global characteristics, bioluminescent imaging showed metastatic tumor growth in the spine confirmed with mCT in 8/12 rats injected with HeLa cells and 7/12 rats injected with Ace-1 cells. For rats utilized in the assessment of local characteristics, spine metastases were found in all animals (5/5 HeLa and 5/5 Ace-1). Additional tumor signal appeared in the heart, lungs, and femurs. Only rats with observed L2 spinal metastases were used in subsequent analyses.
Stereological þ CTRA Analysis L2 vertebrae of a total of 24 rats (HeLa: N ¼ 8; Ace-1: N ¼ 7; Healthy: N ¼ 9) underwent morphological analysis. Purely osteolytic (HeLa) involved vertebrae displayed a significant decrease in TBV (À10.5%, p < 0.05), TbTh (À4.7%, p < 0.05), and TbN (À6.5%, p < 0.05) with a corresponding increase in TbS (16.5%, p < 0.05) compared to healthy controls. A reduced BMD (mineral density within the total volume of the defined trabecular centrum; À17.0%, p < 0.05) and TMD (mineral density within defined volume of trabecular bone tissue; À6.6%, p < 0.05) was also found compared to healthy controls. Mixed metastatic (Ace-1) vertebrae showed a significant decrease in TBV (À4.5%, p < 0.05) with a trending decrease in TbTh (À2.8%, p ¼ 0.076) and significant increase in TbS (5.7%, p ¼ 0.044). These specimens also exhibited reduced BMD (À7.2%, p < 0.05) and TMD (À3.0%, p < 0.05) compared to healthy controls (Table 1) . Both osteolytic and mixed metastatic bone showed significant decreases in Average EA (À10.3% osteolytic; À7.8% mixed; p < 0.05) and minimum EA (À18.6% osteolytic; À11.5% mixed; p < 0.05) compared to healthy controls (Table 1) .
Mechanical Testing
Sequential loading of vertebral motion segments produced force-displacement curves from which peak force prior to failure and structural stiffness were determined (Fig. 2) . A total of 23 vertebral motion segments were mechanically tested (HeLa: N ¼ 8; Ace-1: N ¼ 7; Healthy: N ¼ 8). Osteolytic vertebrae showed significant decreases in both stiffness (À47.9%, p < 0.05) and peak force (À27.7%, p < 0.05) before failure compared to healthy controls. Mixed metastatic vertebrae showed similar trends in decreasing stiffness (À15.4%, p ¼ 0.056) and peak force (À17.6% p ¼ 0.067) ( Table 1) . Sequential imaging showed localized compressive failure of the vertebrae within the vertebral body where osteolytic tumor burden was high with a radial displacement of fragments. In contrast, healthy control vertebrae or vertebrae where the observed osteolytic burden was low, commonly exhibited simple fractures occurring through the pedicle and/or laminar arch under the applied loading (Fig. 3 ). Fisher's exact test showed that there was a statistical association between metastatic involvement and the location/type of fracture (p < 0.05).
Linear Regression Analysis
Globally Assessed Properties Simple 1-factor linear regression analysis (summarized in Table 2 ) showed that organic, mineral, and structural parameters demonstrated correlations with stiffness and peak force before failure. Enzymatic crosslinks, in particular deoxypyridinoline (dpyr) showed a positive relationship with mechanical performance. Conversely, the non-enzymatic cross-link he observed changes in stereologic and bone density parameters followed the expected modifications with osteolytic-dominated metastatic involvement-decreases in TBV, TbN, TbTh, BMD, and TMD and an increase in TbS. This follows trends and differences established in other studies. 4, 6 With respect to calculated average and minimum CTRA, pure osteolytic and osteolytic-dominated mixed metastatically involved vertebrae exhibited a lower axial rigidity compared to healthy controls. In measured mechanical parameters, there was an observed decrease in peak force and stiffness of metastatically involved vertebral segments compared to healthy controls. Ã p < 0.05 compare to healthy controls.
ÃÃ p < 0.1 compare to healthy controls.˚Note for mechanical testing Healthy N ¼ 8.
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pentosidine (pen) and proline based residues showed a negative relationship with stiffness and peak force before failure. Stereology and bone content parameters assessed via mCT showed higher correlation with mechanical performance compared to organic parameters. The strongest correlation with stiffness was BMD (R 2 ¼ 0.599) and the strongest correlation with peak force before failure was min EA (R 2 ¼ 0.529). Average crystal length and width showed no correlation to mechanical behavior.
Multiple regression analysis for building relationships with the dependent variable of vertebral stiffness showed BMD þ pentosidine concentration best described the proportion of variance in the dependent Figure 3 . Sequential loading images of vertebral motion segments with (a) metastatic involvement and (b) healthy controls. With osteolytic-dominated metastases, failure tended to be localized to the location of the trabecular void; this failure showed fragments displacing radially with stiffer, healthier bone from adjacent vertebrae displacing the weaker osteolytic bone as compression continued. In healthy vertebral segments, failure occurred in the pedicle or laminar arch locations of the vertebrae, rather than in the body. Once fracture in the arch occurred, subsequent compression and crack propagation did lead to ultimate displacement of the whole body. 
Pen Conc, pentosidine concentration; Pyr Conc, pyridionline concentration; DPyr Conc, deoxypyridinoline concentration; OHPro, hydroxyproline concentration; Pro, proline concentration; HydH, hydroxyproline/proline ratio; Crys Len, crystal length; Crys Wth, crystal width; TBV, trabecular bone volume ratio; TbN, trabecular number; TbS, trabecular spacing; TbTh, trabecular thickness; BMD, trabecular volumetric BMD; TMD, tissue mineral density; Min EA, minimum axial rigidity; Aver EA, average axial rigidity ( Ã p < 0.05). Collagen features measured from HPLC, stereological parameters, mineral density, and axial rigidity all showed a relationship (positive "þ" or negative "À") with the mechanical performance of the vertebral motion segment.
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variable that can be explained by the independent variables (best model fit: Adjusted R 2 ¼ 0.665) (Table 3a) . In this, BMD had a 48% greater influence on stiffness relative to Pen concentration. For peak force before failure, minimum EA þ proline concentration was the best model (Adjusted R 2 ¼ 0.611) (Table 3b) , with Min EA exhibiting a 44% greater influence on peak force relative to Pro concentration.
Locally Assessed Properties
Simple 1-factor linear regression analysis (summarized in Table 4 ) showed that average mineral content (Ca mean ) had the greatest correlation to trabecular bone modulus (E) and hardness (H) (R 2 for E ¼ 0.200, R 2 for H ¼ 0.214). However, when the pooled data set is spilt between metastatic and healthy datasets, there is a contrast in the establishment of the relationships (summarized in Table 4 ). The metastatic dataset showed a higher positive correlation with Ca mean (R 2 for E ¼ 0.468, R 2 for H ¼ 0.502) and the previously assessed 13 negative correlation to susceptibility ratio (Sus R) (R 2 for E ¼ 0.374, R 2 for H ¼ 0.502) with these two factors establishing the best model via multiple linear regression analysis for bone hardness (Adjusted R 2 ¼ 0.589) (Table 3c ). Susceptibility ratio in previous work 13, 26 has been related to collagen fibril organization within tissue through assessment of the orientation of the fibrils relative to the image plane. Note, the healthy dataset showed no correlation between the measured parameters and modulus þ hardness.
DISCUSSION
This work demonstrates that there is an observable relationship between vertebral mechanical behavior BMD and Pen concentration were found to be the major dependent variables for the stiffness regression model. Min EA and Pro concentration were found to be the significant predictor variables for the regression model. Ca mean and Sus R were found to be the major dependent variables for the regression model. The adjusted R 2 value incorporated the correction in the model for the number of predictors/regressors. The standardized coefficients (beta) for each predictor variable (regressor) shows the relative impact of changing the regressor on the dependent variable (stiffness, peak force or hardness) as 1 standard deviation (std dev) change in the regressor leads to (beta Â 1) std dev change in stiffness. BMD had a 48% greater influence on stiffness relative to Pen concentration. Min EA had a 44% greater influence on peak force relative to Pro concentration. Sus R and Ca mean had similar relative influence on bone hardness ( Ã p < 0.05).
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and tissue level features that are modified with metastatic involvement, even when accounting for more commonly assessed architectural features or BMD. Similar results were found in locally measured features of material behavior, in which the hardness and modulus of bone demonstrated significant correlations with both mineral and collagen features of the tissue. The cooperative nature of bone stereology, mineral content, and collagen features is highlighted by multiple regression analysis in which bone stiffness was best modeled by BMD (mineral content þ bone stereology) and pen concentration (collagen/organic feature). Peak force before failure was best modeled by Min EA (mineral content þ bone stereology) and proline concentration (collagen/organic feature). Analysis of the standardized coefficients (betas) for the regression equations for both stiffness and peak force showed that while the regressors (i.e., predictive variables) in each case produced a statistically significant increase in R 2 , the mineral þ stereology feature had a greater relative impact (BMD: Beta ¼ 0.558; Min EA: Beta ¼ 0.635) on global mechanical performance of vertebrae than the collagen feature (Pen: Beta ¼ À0.378; Pro: Beta ¼ À0.355). This suggests that while collagen features within vertebral bone tissue cannot be omitted in characterizing mechanical performance, the primary focus on the metastatic impact on vertebral mineral content and architecture by the research community is justified. Yet, the moderate nature of the R 2 of these multiple regression models implies that other characteristics such as tissue-level mechanical properties should be considered with respect to their potential contributions to global mechanical behavior.
At the tissue-level analyses, Ca mean (BSE) yielded the highest correlation to bone modulus (E) and hardness (H) measured through nanoindentation in the pooled dataset (R 2 ¼ 0.2 and R 2 ¼ 0.21 for E and H, respectively). When analyzing the metastatic vertebrae only (both osteolytic and mixed), the relationship between Ca mean and E þ H was further improved (R 2 ¼ 0.47 and R 2 ¼ 0.50). This moderate relationship aligns with the commonly accepted paradigm that the stiffness and preyield mechanics of bone are dependent on the mineral content of the tissue. 29 However, as discussed in previous work, 13 collagen organization as represented by susceptibility ratio (Sus R), also has a relationship with bone tissue modulus (R 2 ¼ 0.374) and hardness (R 2 ¼ 0.502). Multiple regression analysis showed that bone hardness was best modeled by both Ca mean (mineral feature) and Sus R (collagen feature). Analysis of the standardized coefficients (betas) for the regression equation for hardness showed that each regressor produced a statistically significant increase in R 2 and that the relative impact of average mineral content (Ca mean ) and collagen organization (Sus R) were even (Ca mean : Beta¼ 0.45; Sus R: Beta ¼ À0.45). This shows the importance of collagen fibril features in the characterization of tissue-level mechanical features and highlights the potential limitation of methodologies which infer material level properties exclusively from the mineral phase.
The lack of a significant relationship between material level features and bone modulus or hardness in healthy bone has been observed in other studies. 30 Wen et al. postulated that the lack of correlations seen between material level characteristics and nanomechanical behavior in a sham group compared to correlations found within an OVX group might indicate that estrogen withdrawal was the primary contributor to changes of mineral and collagen properties. They surmised that measured changes in tissue-level properties were responsible for the nanomechanical behavior. This could also be true for metastatic presence; that it is primarily responsible for observed tissue-level variations and so relationships between tissue features and nanomechanical behavior are more easily established.
Trabecular volumetric BMD incorporates both stereological (trabecular bone volume) and material level (tissue mineral content) components. Hence the subsequent loss of trabeculae and concurrent reduction in 
Ca width , full-width half-max of mineral distribution; Ca peak , peak position of the mineral distribution; Ca mean , average wt% Ca in the mineral distribution within the defined 200 Â 200 mm area; Sus R, susceptibility ratio ( Ã p < 0.05). Both collagen features (Sus R) and mineralization (Ca mean ) showed a relationship with the intrinsic material behavior of trabecular vertebral bone.
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tissue mineral density within mechanically compromised osteolytic vertebrae supports the positive correlation between BMD and mechanical performance. Axial rigidity (EA) is also a product of the amount of bone tissue in the anatomical volume (number of assessed voxels containing bone, i.e., the area of bone) and the mineral content. As well, EA utilizes a modulus (E) for bone tissue calculated as a function of mineral density. Previous studies have attempted to build correlations between structural rigidity and failure loads of vertebrae in the presence of metastases. Structural rigidity has been shown to have a moderate correlation (R 2 ¼ 0.55) with failure load in human vertebrae with simulated osteolytic defects. 7 However, no significant correlations between EA and failure load with pooled (healthy and metastatically involved) or healthy data sets were found in tested rat vertebrae, although significant (or trending) correlations were found between EA and failure loads for metastatically involved vertebrae alone (R 2 ¼ 0.62-0.89). 11 In our current study, moderate correlations were found between failure load and EA within the pooled dataset (R 2 ¼ 0.53). This relationship supports the potential applicability of rigidity analysis in the prediction of assessment of fracture risk in the metastatic spine 10 but the moderate size of R 2 highlights potential limitations. As well, the CT-derived load bearing capacity (LBC) of the vertebrae was about 4-5 times larger than the experimentally measured values. This may be due to lack of consideration of bending/ torsional forces and limitations in utilizing a CTderived modulus equation 28 which does not account for the impact of disease on tissue level behavior. 3 A negative relationship was observed between the non-enzymatic collagen cross-link pentosidine (pen) and mechanical performance of the vertebrae prior to failure. In contrast, enzymatic cross-links (i.e., deoxypyridinoline [dpyr]) showed a positive relationship with bone mechanical behavior. Pyridinium cross-links (such as deoxypyridinoline) are intrafibrillar in nature. Increases in both divalent (immature) and trivalent (mature) intrafibrillar cross-links have been shown via computational fibril modeling to increase the toughness of an individual collagen fibril by facilitating more deformation via molecular backbone stretching within the 3-regime nature of collagen fibril deformation. 31 Such fibril toughness is important to bone mechanics as a major mechanism of bone toughness is centered around crack bridging in which collagen fibrils which remain intact within the crack wake carry some of the load that would otherwise assist with crack propagation. 32, 33 This positive correlation between pyridinium cross-links and mechanical behavior has been observed in studies of bone treated with beta-aminopropionitrile (BAPN). 34, 35 The relatively low concentration of the pentosidine cross-link within the bone tissue compared to enzymatic cross-links (2-3 orders of magnitude less) suggests that its direct biomechanical impact may be limited. However, pentosidine may act as an indicator for changes within the bone microenvironment which could impact bone mechanics. It has been suggested that pentosidine is a byproduct of, and hence a marker for, oxidative stress (net positive imbalance of reactive oxygen species) within the microenvironment. 36 Oxidative stress may impact bone mechanics in a number of ways including: Reducing lysine based cross-link concentration 37, 38 and collagen fragmentation/denaturing. 39, 40 Both may lower bone toughness and mechanical behavior. [41] [42] [43] Pentosidine may also act as a marker for the formation of other AGE nonenzymatic cross-links. Note, however, that no other AGE cross-links have been measured in bone nor their potential impact on bone biomechanics elucidated. 36 In general, while a connection between pen concentration and mechanical properties is supported by our findings, more work is needed to elucidate the nature of these relationships. This is further motivated as while studies have shown a negative relationship between pen concentration and bone strength, 36 other works have found a negative, 15 positive, 44 or no relationship 45 between bone stiffness and pen concentration. The observed increase in pen levels and decrease in dpyr levels in the osteolytic vertebral bone seen in previous work 12 may be indicative of diminished vertebral mechanical behavior independent of its compromised architecture.
Negative relationships between the concentration of proline-based residues and vertebral mechanical behavior were also observed. These relationships may be tied to the potential targeted degradation of collagen. Collagen cleavage and degradation within bone tissue has been negatively associated with tissue mechanical performance. 42, 46 Enzymes such as fibroblast activation protein (FAP) a, cleave extracellular collagen specifically at sites adjacent to proline residues and FAP-a is highly expressed in tumor microenvironments. 47 However, more work is required to elucidate potential mechanisms of collagen degradation within metastatic bone tissue.
At the whole bone level, the sequential imaging and loading of the three-level spinal motion segments demonstrated distinct failure patterns for the healthy versus metastatically involved vertebrae. The localized impact of tumor involvement on both tissue quality 12, 13 and architecture can explain the localization of the observed failure. The commonly observed vertebral body failure of osteolytic involved vertebrae under axial compressive loading may result from radial expansion of the encased tumor tissue within the weakened bone. In the healthy vertebrae, the failure occurred at the lamina, posterior arch or pedicle. These anatomical sites may act as a structural buttress for vertebral body. 48 In humans, fractures in such locations are commonly associated with acute trauma and less likely to be observed with metastatic involvement.
Although the results of this work highlight that relationships between features of metastatically involved vertebrae and mechanical behavior exist, some limitations in the study design must be noted. While relationships with tissue level features from previous work 12 could be made with the mechanical testing performed in this study (as tested vertebrae came from the same rat), the utilization of different vertebrae (due to different sample preparation requirements) requires the assumption of negligible intervertebral variance in tissue-level parameters. While some work has suggested this assumption may not always hold true, 49 ultimately vertebral level specific differences are likely small compared to the impact of metastatic involvement, suggesting a value in the building of relationships between characteristics assessed at different vertebral levels.
Additionally, the mechanically tested spinal motion segments from this study and the nanoindented vertebral bone from previous work 14 were from different cohorts of rats which limited our ability to establish relationships between the globally measured mechanical parameters (stiffness, peak force before failure) and material level behavior (modulus, hardness). However, this did not impact our ability to establish relationships between globally assessed properties (via XRD, HPLC, mCT-imaging) and the mechanical properties derived from the spinal motion segments, nor the ability to relate locally assessed properties (via SHG, BSE) to material level behavior.
Finally, the tumor involvement within the vertebra was considered as a dichotomous variable (based on the presence or absence of a bioluminescent signal). A direct quantitative measure of the extent of tumor burden within each individual vertebra was not performed. However, multi-modal mCT and mMR imaging of metastatic vertebrae in previous work using the same osteolytic dominated animal models has suggested a strong relationship between the boundaries of osteolytic tumor involvement and the voids within the trabecular bone volume. 18 As such, the impact of tumor volume can be captured in stereological analysis. The impact of stereologic changes (BV/TV) on mechanical behavior has been well documented in previous studies. 4, 6 
CONCLUSION
This study demonstrates that structural, mineral, and organic features of the tissue matrix are correlated to the global mechanical behavior of vertebral bone. Even though structural þ mineral features show a greater contribution in modeling vertebral mechanical properties, the influence of certain organic features is significant. Tissue-level organic and mineral characteristics also influence the material level mechanics of metastatic bone tissue. Features such as bone hardness are equally influenced by both mineral content and collagen organization highlighting the importance of characterizing both organic and mineral components of bone tissue. This work provides a foundation of knowledge that describes the impact of metastatic involvement on vertebral bone architecture and composition which contribute to diminished mechanical behavior and increased fracture risk.
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